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SUMMARY 
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The  purpose  of  this  program  is  to  develop  an  understanding  of  the 

molecular  kinetics  pertinent  to  new  high  efficiency,  high  power  lasers. 

We  are  studying  high  pressure  gases  that  are  initially  pumped  by 

3  _Q 

intense  bursts  of  electrons  (10  amperes,  500  keV,  3  x  10  sec), 
since  these  systems  could  have  efficiencies  of  more  than  10fo  and  also 
short  pulse,  high  power  capability.  This  energy,  which  is  primarily 
deposited  by  creating  atomic  ions,  rapidly  collects  in  the  lowest 
molecular  excited  state.  Laser  radiation  from  this  state  is 
possible  either  when  the  ground  state  is  repulsive,  that  is,  when 
no  bound,  ground  molecular  state  exists  (e.g.,  the  rare  gases  and  Hg, 
Cd,  and  Zn),  or  when  the  upper  laser  state  radiates  primarily  to 
higher  vibrational  levels  of  the  ground  state.  In  this  report  we 
describe  studies  of  a  gas  with  a  repulsive  ground  state,  the  mercury 
dimer  Hg^,  and  of  a  gas  mixture  that  will  satisfy  the  second  cri¬ 
terion,  Ar  +  N  +  NO. 

2 

The  Hg^  dimer  is  formed  by  the  association  of  a  ground  state 
Hg  atom  with  an  electronically  excited,  metastable  Hg  atom.  At  high 
pressure  the  dimer  radiates  a  continuum  centered  near  4500  A  extend¬ 
ing  500  A  to  either  side.  We  have  shown  that  the  radiative  decay 

—5 

time  for  this  dimer  is  quite  slow  (~1.4  x  10  sec)  and  that  the  self 
quenching  of  the  excited  dimer  state  is  not  very  rapid.  These 
characteristics  make  Hg  a  very  attractive  candidate  for  an  efficient 
laser  medium.  Unfortunately,  we  also  find  that  the  absorption  cross 
section  of  the  dimer  is  greater  than  the  stimulated  emission  cross 
section,  resulting  in  net  absorption  throughout  the  continuum  band. 

We  have  concluded  that  laser  action  in  mercury  is  unlikely. 

Mercury  remains  an  attractive  medium  for  energy  storage,  but 
practical  use  of  this  storage  would  be  greatly  helped  by  a  better 
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understanding  of  the  molecular  states  of  Hg^.  We  include  in  this 
report  a  reappraisal  of  these  states  intended  to  stimulate  further 
thinking  on  this  long-standing  problem. 

Rare  gas  dimers,  in  particular  Xe  and  Kr  have  already  demon- 

2  2 

strated  laser  action  but  with  disappointing  efficiencies.  This 
problem,  coupled  with  the  relatively  high  gain  implying  low  energy 
storage  capacity  and  with  vacuum  ultraviolet  wavelengths,  has  led 
us  to  consider  ways  of  transferring  the  energy  deposited  in  the 
rare  gas  to  other  gas  molecules  in  order  to  improve  total  efficiency, 
shift  the  wavelength  to  the  ultraviolet  or  visible,  and  improve  the 
energy  storage  capacity. 

Our  initial  results  on  the  mixture  Ar  +  N^  are  given  in  this 
report.  This  combination  was  chosen  because  most  of  the  reactions  of 
interest  have  been  quantitatively  studied  and  because  the  nitrogen 
triplet  system  of  excited  states  offers  good  candidates  for  lasing 
in  the  near  ultraviolet  as  well  as  a  very  long-lived  metastable  state 
with  excellent  energy  storage  potential. 

We  have  observed  radiation  from  the  nitrogen  C  and  B 
excited  triplet  states  and  used  small  additions  of  NO  gas  as  a  moni¬ 
tor  of  the  metastable  N  (A)  state  population.  The  energy  in 
N^(a)  can  transfer  almost  resonantly  to  excite  NO(A)  which  then 
radiates  rapidly. 

Our  preliminary  conclusions  are  essentially  favorable: 

(1)  Energy  can  be  rapidly  transferred  from  the  dimer  Ar^ 
produced  by  the  electron  beam  excitation  to  the  nitrogen 
triplet  states. 

(2)  A  model  based  on  the  known  reaction  rates  predicts  the 
overall  time  history  of  the  observed  excitation  and 
radiation.  A  derived  number  density  of  metastable  N  (A) 
agrees  reasonably  well  with  the  model  prediction.  Detailed 
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comparison  of  model  and  experiment  appears  to  be  practical. 

(3)  Large  populations  of  metastable  N  (A)  can  be  produced.  The 

2 

maximum  population  is  critically  dependent  on  the  rate  of 

self-destruction,  i.e.,  N  (A)  colliding  with  N  (A).  This 

2  2 

rate  constant  can  be  measured  in  our  experiment  and  will 

determine  the  practicality  of  using  N  for  high  energy 

2 

storage. 


The  initial  agreement  of  model  and  experiment  leads  us  to  think 
that  Ar  +  +  NO  might  be  a  reasonably  efficient  lasing  medium  in 

the  ultraviolet.  The  electron  beam  energy  is  deposited  in  the  argon 
and  transferred  to  the  N  system  before  it  can  be  radiated  away. 

The  energy  is  tnen  transferred  from  the  N  (A)  state  to  the  NO(A) 
state  in  a  time  comparable  to  the  NO  radiative  lifetime.  Lasing 
should  occur  between  the  ground  vibrational  state  of  NO(a)  and  the 
second  or  third  vibrational  level  of  the  NO  ground  state.  This 
possibility  will  be  tested  in  the  next  period. 
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I .  INTRODUCTION 


An  overview  of  the  motivation  and  progress  in  this  program 
is  given  in  the  preceding  summary.  More  detailed  discussions  of 
techniques,  results,  and  conclusions  can  be  found  in  the  following 
sections.  The  work  on  mercury  dimers  Hg  is  discussed  in  Section  II 
and  in  the  appendices,  which  are  preprints  of  papers  accepted  for 
publication.  Our  experiments,  analysis,  and  modeling  on  mixtures 
of  Ar,  N^,  and  NO  excited  by  a  Febetron  are  given  in  Section  III. 
Section  IV  is  a  compilation  of  our  conclusions. 


II  MOLECULAR  MERCURY  STUDIES 


Summary  of  Experimental  Work 

The  primary  objective  of  the  research  during  the  first  year  of 
this  contract  end  continuing  into  this  second  year  has  been  to  deter¬ 
mine  the  feasibility  of  laser  action  in  the  blue-green  continuum  band 
of  the  mercury  exc’r.er.  This  possibility  was  first  pointed  out  by 
Houtermann^  in  1960  and  was  attempted  in  1968.”  The  development  of 
high  energy,  high  current,  short  pulse  electron  beam  machines  has  a 
again  raised  the  hope  of  such  achievement. 

The  experimental  setup  and  some  of  the  observations  and  results 

3 

from  our  study  of  Hg  were  presented  in  the  first  semiannual  report. 
Briefly,  we  measured  both  atomic  and  molecular  radiation  from  mercury 
vapor  following  excitation  by  the  3- nsec,  10-joule  electron  pulse 
from  a  Febetron  706.  Vapor  pressures  ranged  from  0.2  to  10  atmospheres. 
The  most  pertinent  results  of  that  phase  of  the  study  were  the  deter¬ 
mination  of  a  radiative  lifetime  of  14  ±  3  ascc  for  both  the  3350  and 

O 

the  4850  A  continuum  bands  of  Hg*  and  the  discovery  of  an  important 
bimoleoular  collisional  deactivation  of  the  Hg^  exeimer: 

Hg*  +  Hg*  -  Hg**  +  2Hg 
£  £  £ 

-11  3  , 

with  a  rate  on  the  order  of  10  cm  / sec.  These  results  have  been 
described  in  some  detail  in  a  short  paper  that  will  be  published  in 
Cheini cal  Physics  Letters .  The  preprint  is  included  as  Appendix  A  of  this 
report. 

While  the  relatively  long  radiative  lifetime  and  the  bi-excimer 
collisional  deactivation  make  it  difficult  to  achieve  the  exeimer  popu¬ 
lations  required  for  high  gain,  they  do  not  preclude  the  achievement  of 
laser  action.  Therefore,  we  carried  out  a  series  of  measurements  of  the 
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optical,  gain  of  the  excited  Hg  vapor  as  a  function  of  time  and  of  wave- 

o 

length  in  the  4800  A  band.  Time  resolved  measurements  were  made  using 
a  cw  Ar  laser  at  seven  wavelengths  between  4579  and  4145  A.  The  varia- 

C 

tion  of  gain  with  wavelength  over  the  range  from  3900  to  4900  A  at  a 

single  time  following  the  excitation  pulse  was  measured  using  the  con- 

3 

tinuum  radiation  from  a  10-nsec,  10  -watt  flashlamp  (Optitron  Model  NR-l). 
These  experiments  and  their  results  are  described  in  a  second  paper, 
attached  as  Appendix  B,  which  will  be  published  in  Applied  Physics 
Letters.  It  was  found  that  the  gain  was  negative  at  all  wavelengths 
tested,  with  virtually  no  structure  to  the  absorption  except  near  atomic 
lines.  Furthermore,  the  absorbing  state  was  identified  as  the  upper 

D 

level  of  the  transition  producing  the  4850  A  band.  We  conclude  that  the 
upper  level  of  the  absorptive  transition  is  a  repulsive  electronic  state 
of  Hg  :  therefore  gain  (and  therefore  laser  action)  is  unlikely  anywhere 

Ci 

in  the  band. 

Since  we  have  concluded  that  direct  laser  action  on  the  visible 
mercury  continuum  is  very  unlikely  we  have  stopped  work  on  the  system, 
which  included  analysis  of  the  spectroscopic  data  and  computer  modeling 
of  the  reaction  kinetics.  Because  of  its  relatively  long  radiative 
lifetime,  however,  Hg*  is  still  an  attractive  candidate  for  energy 

Cl 

storage,  with  subsequent  transfer  to  another  radiating  species.  In 
particular,  the  Hg  +  Br  system  may  be  of  interest,  since  HgBr  which 

Ct 

would  be  formed  in  the  excitation  pulse,  has  a  band  system  at  4900  ± 

100  A. 

Complementing  our  work  on  mercury,  Professor  Green  and  his 
coworkers  at  the  University  of  Florida,  Gainesville,  have  com¬ 
pleted  their  subcontract  work  on  electron  impact  cross  sections 
for  mercury.  Their  final  report  entitled,  "Electron  Impact  Cross 
Sections  for  ihe  Element  Mercury,"  by  J.  N.  Bass,  R.  A.  Berg, 
and  A.E.S.  Green,  has  been  modified  only  slightly  from  their 


preliminary  report  which  was  published  as  Appendix  B  of  our  first  semi- 
3 

annual  report.  Copies  of  this  .final  report  may  be  obtained  from 
Professoi  Green  at  Gainesville.  The  report  will  also  bo  submitted  for 
publication  in  the  open  literature  in  the  near  future. 

It  should  be  noted  in  concluding  the  discussions  of  our  mercury 
experiments  that,  in  spite  of  extensive  studies  over  more  than  40  years, 
no  explanation  of  the  molecular  mercury  state  structure  has  yet  been 
advanced  that  satisfactorily  explains  all  the  observed  properties  of 
the  molecular  radiation.  In  particular,  the  continuum  bands  of  Hg 
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centered  at  3350  and  4800  A  have  generally  been  identified  with 
transitions  from  the  Hg*  1  and  0  states  to  the  repulsive  ground 
state.  This  requires  an  energy  separation  of  the  two  upper  states  of 
-9000  cm  .  This  energy  separation  would  be  due  Lo  spin-orbit  coupling, 
but  oui  calculations  (described  below)  indicate  that  the  separation 
should  be  no  more  than  —GOO  cm  .  There  is  also  considerable  diffi¬ 
culty  in  explaining  the  observed  common  lifetime  of  the  two  continuum 
bands.  If  the  bands  originate  from  states  with  substantially  different 
energies,  then  a  pressure-dependent  decay  of  the  higher  energy  level 


would  be  expected  because  of  collisional  relaxation  effects. 

In  the  next  subsection,  we  describe  a  new  analysis  of  llg^  that 
leads  to  a  state  structure  different  from  that  currently  assumed.  This 
new  model  contradicts  some  spectroscopic  assignments  of  the  current 
model  and  offers  some  alternative  assignments  that  qualitatively  explain 
many  of  the  observations.  While  some  difficulties  remain,  this  new 
model  seems  Lo  be  an  important  first  step  in  resolving  an  old  and 
intriguing  problem. 

The  State  Structure  of  Hg 
_  b2 


In  view  of  the  continuing  confusion  over  the  interpretation  and 
assignment  of  the  multitude  of  Ilg  absorptions  and  emissions,  a 


qualitative  understanding  of  the  expected  potential  curves  is  of 

particular  importance.  In  the  absence  of  calculated  curves  or  detailed 

scattering  information,  we  will  try  here  to  supply  such  a  qualitative 

discussion  of  the  potential  curves,  in  the  spirit  of  Mullikan’s  eluci- 
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dation  of  the  levels  of  Xe  . 

2 

The  ground  state  of  the  mercury  atom  has  the  configuration 
r  ,  14  10  2 

LXeJ4f  5d  6s  .  The  low-lying  excited  states  correspond  to  excitation 

of  one  of  the  6s  electrons,  giving  a  configuration  of  say 
r  1  14  10  3  1 

LXeJ4f  5d  6s6p  for  the  6  P  and  6  P  states.  For  the  purpose  of  des¬ 
cribing  the  electronic  structure  of  the  excited  states  of  Hg  ,  we  can 
expect  that  core  electrons,  [Xe]4f145d10  will  remain  relatively 
unchanged,  or  at  least  any  changes  will  be  co  imon  to  all  the  lower 
states.  Our  attention  will  therefore  be  focused  on  the  outer  four 

electrons  in  Hg  . 

2 

Only  one  state  of  Hg  arises  from  groirnd  state  atoms, 

9  1  ^  * 

Hg(6s  ,  Sq).  The  potential  for  this  V  state  is  known  to  have  only 
a  van  der  Waals  well  about  0.12  eV  deep,  with  a  repulsive  wall  at 
smaller  internuclear  separation,  R.  This  can  be  understood,  as  can 
the  corresponding  situation  in  He  ,  by  reference  to  the  orbital  corre- 
lation  diagram,  Figure  1.  The  6s  atomic  orbital  splits  into  two  molecular 
molecular  orbitals: 

Og  =  J\  (6s^  +  6s^ ) 

CTu  =  ,/f  (6s.  -  6s  ) 

Xj  r 

where  6s^  and  Gs^  are  the  atomic  6s  orbitals  on  the  left  and  right 
Hg  atoms,  respectively.  As  suggested  by  the  correlation  diagram, 
we  would  call  the  ag  a  bonding  orbital  and  the  antibonding. 

Since  the  ground  state  of  Hg2  begins  at  large  R  with  four  6s 
electrons,  the  resulting  crg  and  au  molecular  orbitals  are  both 
doubly  occupied.  The  antibonding  character  of  the  ctu  electrons 
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FIGURE  1  Hg2  ORBITAL  CORRELATION  DIAGRAM 
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just  about  cancels  the  bond! nit  of  the  o,  electron.,  leading  to  only 

a  van  tie.-  Wa.ls  well,  strong  repulsion  begins  at  s„, allot  II  as  tbe  Inner 
5d  electrons  bep^in  to  overlap. 

The  excited  states  of  Hg,  might  bo  described  by  removing  „„e 
tbe  6s  electrons  and  placing  it  a  b,gher  orbital.  This  suggests 
that  we  next  look  at  the  bonding  in  the  lowest  states  of  llg*  that 
arise  from  this  renewal  of  one  6s  electron.  These  two  state's  way 
be  represented  by  the  configurations 


(6s'’g)“(6pcii ) 


and 


2,  L 
'l 


(6sc  )(6pc 

R  U 


2„+ 


The  Iu  state,  with  two  bonding  orbitals  and  only  .  antibonding 


orbital, should  have  a  considerable  binding  energy  (0.5  to  l.SeV). 


on  the  other  hand,  the  V  has  a  net  antibonding  character,  leading 


to  a  purely  repulsive  potential  curve.  One  wight  like  compare 


with  the  similar  situation  in  He^  (refs.  5,  7,  8) 


0.  T°  "GSCrlbC  thY’",t«l  "<•  <  we  add  to  either  „f  the 

Hg2  eonfigurations  <T*  ,  V,  ono  dltional  electron  chosen  from 


the  higher  orbitals  In  the  correlation  diagram.  Specifically  we 


are  interested  in  the  states  that  would  dissociate  to  the  6s6p 

1 , 

-R ,  u 


atomic  configuration ;  therefore,  the  lowest 
states  are  the  states  of  interest. 


1 , 3 

and  I 


R ,  u 


WO  begin  with  the  ^  states.  The  possible  configurations  arc 

(6soc)  (6pau)(6pnu)  and  (Cs^  )  <6,*^  Ysdu^  The  first  of  these 


•HI  obviously  be  much  lower  in  energy,  „  can  bo  seen  from  the 


correlation  diagram.  The  dp^  electron  has  almost  „„  effect  on 


the  potential  curve.  The  molecular  6pn  orbital  should  he  about 
the  same  site  and  shape  as  it  was  in  the  atom.  There  are  no  other 
electrons  In  the  molecule  with  which  It  has  much  overlap.  This 
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contrasts  sharply  with  the  situation  for  a  orbitals,  as  we  will 

see  below.  In  conclusion  we  can  see  that  a  potential  curve  jus„ 

about  paralled  to  Hg  (  £  )  is  expected  for  the  FI  states.  A 

u  g 

corresponding  description  also  applies  to  the  1,3II  states  of  H 

u  2 

(see  reference  9  for  potential  curves). 


To  characterize  the  E+  states,  we  could  use  the  configurations 


1  ,  3„+ 

g 


(6sob)  (6pa  )(7pCT  ) 

2  11 

(6sa  )  (6po  )“(6de  ) 

K  u  g 

(6so  )  (Gpo  )  (7 so  ), 
S  u  g7' 


None  of  these  can  be  expected  to  have  much  binding,  although  the 
first  should  be  the  least  repulsive.  Probably  tie  Zg  states  will 
have  large  humps,  as  the  6p  orbital  is  promoted  to  7p,  and  may 
have  shallow  minima  from  the  core  binding  of  Hr*  (T  +).  They 
will  not  be  bound  relative  to  the  separated  atoms.  It  appears 
that  a  nearly  identical  description  applies  to  the  1£+  state  of 

HS2  arising  from  FIe(  ls2p) ,  in  which  the  2p  orbital  is  promoted 
to  3p ,  with  a  large  barrier  and  eventual  minimum  above  the 
separated  atom  limit.10  The  height  of  the  barrier  in  the  Hg,/’3!/ 
states  should  be  even  larger  than  that  in  He^  since  the  6p-7p 

separation  is  almost  4  eV  in  Hr  and  the  2p-3p  separation  is  only 
about  2  eV  in  He. 

The  placement  of  the  T  ^  and  states  is  especially  important, 
as  they  have  been  thought  to  be  responsible  for  most  of  the  optical 

measurements  to  date.  The  V  states  should  be  represented  by  the 
configurations 


(6so  )  (6pc  )  (6da  ) 

g  9  u  g 

(GsOp.  )  (6pa  )(7s a  ) 

lI9  R 

(6sa  )  (6pa  )  (7pa  ) 
u  u  u 
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The  correlation  diagram  suggests  that  the  first  of  these 

configurations  is  dominant  at  larger  R.  The  potential  curve  rises 

as  R  decreases.  A  minimum  at  smaller  R  is  expected  as  the  6dcr 

+  2  + 

orbital  crosses  over  to  the  7sO  and  the  Hg^  (  F^  )  binding  becomes 
important.  To  repeat,  the  important  observations  are  that  a 

significant  hump  is  to  be  expected  and  that  due  to  orbital  promotion 

1 , 3_4  1 , 3_ 

the  i-  states  will  lie  above  the  corresponding  .1  states. 

u  -  g 

Once  again  the  analogv  is  very  close  with  the  H  and  F  states  of 

g  u 

lle^  arising  from  He(ls2p)  (refs.  8,  10). 

We  expect  the  II  states  to  arise  from  the  configurations: 
u 


,  (6sO  )"  (6pc  )(6dH  ) 
g  u  g 

1  (6sc  )  (6pc  r(6Pn  ). 
g  u  u 


Either  of  these  configurations  would  suggest  an  essentially  repulsive 

potential  curve,  although  a  small  well  at  large  internuclear  separation, 

as  may  be  implied  by  the  spcctroscoDic  data,  cannot  be  ruled  out. 

Finally,  we  must  describe  the  spin  sublevels  and  in  particular 

the  spin-orbit  splittings.  They  are  expected  to  be  quite  large  in 

Hg^.  In  the  separated  atom  limit  we  observe  that  tne  Hg(6s6p) 

configuration  decomposes  to  the  various  fine  structure  sublevels 

1  3  3  3 

(in  Russell-Saunders  notation)  P  ,  P  ,  P  ,  P  .  In  forming  the 

i  o  1  2 

Hg^  molecule  we  note  that  each  of  these  atomic  sublevels  produces 
a  mixture  of  F  and  H  components  when  projected  onto  the  internuclear 
axis.  Of  course  in  the  molecule,  the  atomic  angular  momentum  is  no 
longer  conserved,  only  the  internuclear  projection.  As  the  Hg^ 
molecule  is  formed,  the  p  orbital  uncouples  from  the  spin  and  couples 
instead  with  the  internuclear  axis.  The  states  make  a  gradual  tran¬ 
sition  from  Hund's  cases  (c)  and  (d)  to  cases  (a)  and  (b).  When  this 

transformation  is  completed  at  small  R,  we  can  then  refer  to  the 

333  3  1  3  3  1 

states  as  ‘I^,  "II  ,  ‘  1^+ ,  '  II Q-  ,  TI^ ,  '  F^  ,  Fq-  ,  SW  .  For  more  details 

about  the  Cine  structure  of  molecular  states  see  Herzberg  (ref.  5, 

Chapter  V ) . 
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3  1 

Decomposing  the  P  and  p  levels  into  their  £  and  II 
J  1 

components  allows  us  to  set  up  the  matrix  Hamiltonians  to  be 

diagonalized.  These  are  shown  in  Table  I.  We  use  the  notation 

11 

of  Condor  aud  Shortley,  where  Q  is  the  spin-orbit  splitting 
parameter,  G  is  the  singlet-triplet  splitting  parameter,  and  W 
is  a  new  parameter  to  designate  the  S3— IT  splitting.  To  calculate 
the  relative  energies  of  the  molecular  fine  structure  levels 
u^ing  the  atomic  parameters,  we  must  assume  that  the  spin-orbit 
interaction  does  not  change  drastically  as  a  result  of  molecular 
distortion.  These  changes  are  probably  small  enough  for  the 
range  of  internuclear  distance  under  consideration,  and  in 
particular  the  changes  should  be  smooth  enough  that  our  qualitative 
view  of  the  ordering  of  the  states  will  remain  applicable. 

Figure  2  shows  the  relative  energies  of  the  fine  structure 

9 

levels  of  Hg2  arising  from  Hg(6s6p)  on  HgfGs"").  The  ordering 

and  approximate  energy  separation  of  the  states  are  shown  as  a 

function  of  the  £-11  splitting  energy.  The  E-FI  splitting  itself 

is  expected  to  vary  with  R  approximately  as  the  overlap  of  one 

atom  with  the  other,  or  about  exponentially.  As  discussed  above, 

we  expect  the  II  states  to  be  lower  than  the  E  states;  hence  the 
K  K 

E~n  splitting  is  taken  to  be  negative.  Correspondingly  the  II 

states  should  be  higher  than  the  £  states,  and  in  that  case  the 

u 

splitting  is  positive. 

Combining  the  information  gained  above  from  the  correlation 

diagram  (Figure  1)  and  the  fine  structure  splittings  (Figure  2), 

we  are  able  to  sketch  a  molecular  energy  diagram  for  Hg  ,  which 

2 

is  presented  in  Figure  3.  It  must  be  remembered  that  this  figure 
has  been  assembled  from  qualitative  information.  It  is  intended 
to  give  a  plausible  description  of  the  states,  and  it  is  hoped 
that  it  can  serve  as  a  basis  for  comparing  experimental  and 
theoretical  results. 
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Unfortunately  the  understanding  of  the  mercury  spectra  has 

12 

progressed  rather  little  since  Finkelnberg' s  review.  Indeed 
the  level  diagram  presented  in  Figure  3  seems  to  introduce  as 
much  complication  as  clarification.  However,  certain  important 
conclusions  cannot  be  avoided: 

(1)  The  spin-orbit  splittings  suggested  in  Figures  2 

and  3  predict  tnat  the  0  and  1  components  of 

3_+  . U  U 

the  state  should  lie  very  close  together  at 

R  i  separated  by  approximately  200  cm  \  There¬ 
fore  they  cannot  separately  be  the  upper  states 
of  the  4800  and  3300  A  bands. 

(2)  The  humps  predicted  in  the  potential  curves  for 

the  0  and  1  states  should  have  serious 
u  u 

consequences  for  the  kinetics  of  their  formation. 

3 

(3)  The  II  levels,  formed  without  crossing  energy 
barriers,  will  serve  as  reservoirs  of  excitation, 
which  may  subsequently  be  transferred  into  more 
rapidly  radiating  states.  Their  own  radiative 
lifetimes  should  be  cuito  long.  In  such  a  way 
all  the  emission  ba  .ds  would  follow  the  decay 

of  the  reservoir  and  hence  have  the  same  lifetime. 

3 

(4)  If  the  II  levels  do  store  a  large  fraction  of  the 
excitation,  they  may  be  the  levels  responsible  for 
the  absorption  that  results  in  the  observed  negative 
gain . 

Obviously,  there  is  much  left  to  be  understood,  especially 
3 

about  the  .1  states.  No  doubt  the  best  sources  of  information 
3  J' 

about  the  states  will  be  metastable  scattering  experiments 

13 

of  the  type  of  Morgenstern  et  al.,  further  absorption  measure- 

3,, 

ments  out  of  the  excited  Ug  states,  and  theoretical  calculations 
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Ill  MIXED  GASES 


Int  roduction 

The  very  great  interest  and  attention  that  have  been  devoted 
to  the  possibility  of  lasing  in  van  der  Waals  molecules  have 
occurred  because  the  lower  state  of  the  lasing  transition  is  a 
dissociating  repulsive  state  that  is  always  essentially  un¬ 
populated.  Thus  a  population  inversion  con  readily  be  obtained 
on  the  continuum  band  resulting  from  these  types  of  transitions, 

leading  to  the  prospect  of  lasing  that  may  even  be  continuously 

1,2  Id  15 

tunable  over  a  wide  frequency  range.  To  date,  Xe  and  Kr 
have  given  conclusive  evidence  of  laser  action,  but  with  apparent 
efficiencies  well  below  those  expected.  We  have  been  studying  the 
excimer  radiations  from  Hg^  as  part  of  this  contract,  and  reported 
our  results  in  Section  II  above.  These  earlier  results  have  shown 
that  photoabsorption  of  the  excimer  radiation  can  lead  to  decreased 
efficiency  in  the  rare  gas  case  and  to  negative  gain  (net  absorption) 
in  the  case  of  Hg^.  The  same  studies  also  show  that  large  concentra¬ 
tions  of  excimers  in  rare  gases  or  metal  vapors  can  be  created  with 
high  efficiency  and  that  interesting  laser  systems  could  be  constructed 
if  suitable  ways  of  removing  this  energy  could  be  found. 

These  considerations  led  us  to  consider  the  possibility  of 
transferring  the  excitation  produced  in  the  excimer  state  into 
conventional  molecular  systems  (i.e.,  bound-bound  electronic 
transitions),  which  then  can  serve  either  as  the  laser  medium 
itself  or  as  an  amplifier  for  an  externally  applied  radiation 
signal.  Additional  motivation  for  exploring  transfer  systems 
arises  from  the  following: 

(1)  Rare  gas  excimers  radiate  in  the  VUV,  which  does 

not  appear  to  be  as  useful  a  region  for  medium  to 
high  power  lasers  as  is  the  near-UV  to  visible  range. 


It  is  known  that  tho  transfer  of  energy  from  gas 

metastables  to  excited  molecular  states  can  be 
16 

quite  specific.  The  transfer  of  excimer  energy 
to  molecular  states  may  be  equally  specific, 
leading  to  the  possibility  of  efficient  pumping 
of  a  whole  range  of  conventional  laser  transitions 
throughout  the  ultraviolet  and  visible. 

(2)  Because  optical  gain  is  inversely  proportional  to 
the  transition  linewidth,  and  because  the  continuum 
radiation  resulting  from  excimer-repulsi ve  transitions 
inherently  ha:;  a  large  bandwidth,  the  gain  in  the 
dissociative- type  transitions  tends  to  be  quite  low. 

Thus  a  relatively  high  concentration  of  excimers  is 
required  to  achieve  threshold  gain.  However,  if  excimer 
energy  can  be  transferred  to  molecules  with  bound-bound 
transitions  fhat  have  very  much  narrower  linewidths, 

then  laser  action  can  be  achieved  at  much  lower  concentra¬ 
tions  of  excited  states. 

(3)  In  the  field  of  laser  induced  fusion,  a  laser  medium 

is  required  in  which  large  amounts  of  energy  can  be 

stored  to  be  released  rapidly  by  amplifying  an  incoming 

pulse.  This  requires  that  the  energy  be  stored  in 

discrete  levels  and  that  the  system  be  essentially 

metastable  against  radiative  decay  or  quenching.  The 

N  (A  Z  )  state  is  an  interesting  candidate  for  such 
u 

energy  storage  and  will  be  discussed  in  detail  later 
in  the  report. 

In  following  subsections,  we  discuss  our  approach  to  the  transfer 

gas  studies,  the  experiments,  their  results,  and  our  interpretation  of 

these  results  to  date.  We  also  discuss  our  kinetic  modeling  studies. 

Emphasis  throughout  is  on  the  Ar  +  N  systems 

2 
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Our  initial  studies  were  made  on  argon  plus  small  percentages 
of  N2.  Ultimately,  we  will  want  to  study  many  combinations  of  rare 
gases  and  transfer  gas  species,  but  the  Ar  +  system  has  many 
advantages  for  the  first  experiment.  First  of  these  is  that  most  of 
the  reactions  between  these  two  systems  have  been  studied,  and  rate 
constants  for  energy  transfer  and  quenching  of  various  states  have 
been  measured  (see  Table  II).  A  second  major  reason  is  that  the 
nitrogen  triplet  electronic  states  provide  a  good  system  for  laser 
action  as  well  as  the  capability  for  high  energy  storage.  Lasing 
from  the  C  and  B  states  in  N2  (Second  Positive:  2+,  C  -  B,  and  First 
Positive:  1+,  B  -  A  radiation;  see  also  Table  III)  has  been  demon¬ 
strated  at  moderate  efficiency  in  discharges  of  pure  nitrogen.  Specific 
transfer  of  rare  gas  excimer  energy  into  either  C  or  B  state  N  could 
lead  to  efficient  lasing  on  these  transitions.  The  A*V  states  of  N 
is  a  well-known,  long-lived,  metastable  state  that  does  not  interact 
significantly  with  rare  gas  atoms  or  with  ground  state  molecules. 
This  state,  which  is  6.2  eV  above  the  ground  state,  should  serve  as 
a  good  energy  storage  reservoir.  A  third  important  reason  for  study 
of  rare  gas/N2  mixtures  is  the  considerable  stability  of  the  nitrogen 
molecule,  compared  with  most  other  diatomic  gases,  both  in  its  ground 
and  excited  states,  against  dissociation  and  reaction.  The  transfer 
from  the  rare  gas  excimers,  specifically  Ar*,  involves  more  energy 
than  most  molecules  can  contain  without  subsequent  dissociation, 
ionization,  or  chemical  reaction. 

In  following  subsections,  we  discuss  our  experimental  results 
for  the  excited  triplet  states  of  N2  produced  by  Febetron  excitation 
of  Ar  +  N2  mixtures  (with  and  without  a  trace  of  NO)  and  show  how  the 
population  and  kinetics  of  these  states  can  be  determined,  modeled, 
and  understood. 
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TABLE  II  MIXED  GAS  REACTION  SYSTEM  (Ar  *■  N2  *  NO) 


Reaction 

No. 

Reaction 

Rate 

Reference 

Host  gas  reactions 

Units : 

3 

cm  set 

or  cm®  /sec 

1 

4*  + 

Ar  +  2  Ar  -*  Ar  +  Ar 

2 

2.5 

X 

to'31 

a 

2 

+  * 

Ar  +  e  -  Ai  Ar 

7 

X 

7 

10 

b 

3 

*  * 

Ar  +  2Ar  ->  Ar  +  Ar 

2 

5 

X 

-32 

10 

c 

4 

★ 

Ar  -  2Ar  +  hv 

2 

1 

X 

8 

10 

d 

5 

* 

Ar  +  e  -♦  2Ar  +  e 

2 

1 

X 

-9 

1  0 

Estimated 

6 

*  *  + 

Ar  *  Ar  -*  Ar  +  2Ar  +  e 

2  2  2 

5 

X 

-10 

10 

Calculated 

7 

*  *  + 

Ar  +■  Ar  -»  Ar  *  Ar  +  e 

5 

X 

-10 

10 

Calculated 

Added 

gas-host  gas  reactions 

8 

* 

Ar  +  N  (X)  -  Ar  +  N  '(B) 

2  2 

3 

X 

-12 

10 

e 

9 

-  Ar  +  N  (C) 

2 

3 

X 

10-13 

f 

10 

★ 

-*  Ar  +  N^  (unspecified) 

5 

X 

10-11 

f 

11 

Al2*  *  N2<X)  "  2Ar  +  N2(B) 

1 

X 

io"11 

Guess 

12 

N  (C)  +  Ar  -•  N  (B)  +  Ar 

2  2 

1 

X 

-13 

10 

Guess 

13 

N^B)  +  Ar  -*  N^ (A)  +  Ar 

1.6 

X 

io"12 

g 

14 

N  (A)  +  N  (A)  -  N  (C)  +  N  (X) 

2  2  2  2 

2 

X 

io"11 

h 

15 

+N2(X) 

3 

X 

-10 

10 

i 

16 

N  (C)  -•  N  (B)  +  hV 

2  2 

2.2 

X 

7 

10 

,j.  k 

17 

N  (B)  -  Ng(A)  +  hv 

1.2 

X 

io5 

k 

Secondary  added  gas  reactions 

18 

N  (A)  +  N0(X)  —  N  (X)  +■  N0(A) 

2  2 

8 

X 

io’11 

g.  1 

19 

N0(A)  +  Ar  -  N0(X)  +  Ar 

1 

X 

-13 

10 

m,  n 

20 

N0(A)  -  ”0(X)  *■  hv 

4.5 

X 

6 

10 

m 

21 

N0(A)  +  N0(X)  -•  products 

2 

X 

-10 

10 

n 

21 
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TABLE  III 


WAVELENGTHS  OF  SELECTED  N  and  NO  BAND  SYSTEM  EMISSIONS 

2 


Vegard-Kaplan : 


Gamma  Bands: 


N2(a3S+) 

V-K 

(0-5) 

2603.6  A 

i 

(0-6) 

2760.8 

t 

1 

1 

I 

V^V 

-  N  (A3E+) 

2  u' 

1 

1+ 

(0-0) 

0 

10,510.0  A 

(2-0) 

7,753.2 

(10-6) 

5,854.4 

No(c3n  ) 

2  u' 

-  N2(B3llg) 

2+  j 

(o-o) 

3,371.3  A 

(0-3) 

4,059.4 

] 

i 

(1-0) 

3, 159.3 

no(a2E+) 

-  no(x2ii) 

v  ! 

(0-3) 

(0-4) 

(2-7) 


2586 

2712 

2754 
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Experiments 


The  experimental  program  continues  to  be  centered  on  viewing  the 
optical  emissions  resulting  from  the  pulsed  electron  excitation  of  a 
gas  mixture  under  high  pressure.  A  Febetron  706  provides  a  3-nsec, 
7000-amp  pulse  of  500-keV  electrons  that  enter  the  test  cell  through 
through  a  1-mil  Inconel  foil.  The  test  gas  pressure  is  varied  from 
200  torr  to  13,000  torr  (or  approximately  0.25  to  20  atm).  The  tem¬ 
poral  behavior  of  the  spectral  emissions  is  examined  by  photographing 
oscilloscope  traces  (Tekronix  models  555  and  485)  of  individual  exci¬ 
tation  pulses  and  then  digitizing  the  recorded  analog  signal,  using 
a  CDC  6400  computer  to  produce  labeled  graphs.  The  general  configura¬ 
tion  remains  the  same  as  described  in  our  first  semiannual  report3 
and  is  depicted  schematically  in  Figure  4. 

The  stainless  steel  experimental  cell  used  in  these  mixed-gas 
studies  has  a  central  body  containing  a  1-inch-diameter  by  3-inch-long 
cavity  and  0.5  inch-diameter  by  3-inch-long  sidearms.  The  electron- 
beam  window  (inconel  foil)  is  tangent  to  the  0.5-inch  aperture  of  the 
sidearms.  MgF^  windows,  sealed  to  the  sidearms  using  Teflon  gaskets, 
give  us  the  capability  of  observing  spectral  emissions  from  1300  A 
to  the  infrared. 

The  energy  transfer  studies  of  cue  Ar-N  mixtures  have  required 

2 

us  to  study  both  the  1+  and  2+  systems  of  N  .  The  1+  band  system 

2 

was  monitored  by  a  filtered  photometer,  which  viewed  the  (b3IT  -A3£+) 

o  K  u 

0-0  transition  at  10,510  A.  A  mirror  that  reflected  the  optical 

signal  by  90°  was  used  to  remove  the  photomultiplier  tube  (pjfir)  from 

any  direct  line  stimulation  by  Febetron-produced  x-rays.  The  visible 

and  ultraviolet  measurements  were  made  utilizing  both  a  narrow  band 

photometer  system  and  a  1/2-meter  grating  spectrometer  (McPherson 

Model  216.5)  with  an  S-5  response  PMT  (RCA  IP-28). 

In  our  energy  transfer  studies,  we  have  found  that  the  impurity 
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level  in  the  experimental  chamber  can  affect  the  temporal  behavior  of 

the  spectral  decays.  An  ionization  gauge  installed  next  to  the  cell 

has  indicated  that  the  residual  impunity  in  our  di  f fustcii  ptsuy- 

liquid  nitrogen  trap  vacuum  system  is  at  the  0.1  ppm  level  for  gases 

at  1  atm,  much  less  than  the  impurity  level  inherent  in  the  gases 

themselves.  Nevertheless ,  in  searching  for  Vegard-Kaplan  radiation 

from  N  ,  we  observed  strong  emission  from  the  NO  V  bands.  The  magni- 

tube  of  the  NO  emission  was  found  to  be  proportional  to  the  number  of 

electron  pulses  fired  into  any  particular  gas  sample,  leading  to  the 

conclusion  that  the  N  excited  by  the  pulse  was  reacting  with  0 

2  2 

that  was  present  as  an  impurity  in  the  test  gas.  Since  the  NO  Y-band 

17 

radiation  is  known  to  be  a  good  tracer  of  N  (A)  state  population, 

z 

in  most  subsequent  tests  small  amounts  of  NO  were  purposely  added 
to  the  gas  mixture.  It  was  then  foi'nd  that  the  amount  of  NO  decreased 
with  repetitive  electron  excitation.  Because  transfer  to  even  very 
small  fractions  of  NO  can  be  the  dominant  loss  mechanism  at  very  long 
times  for  N^(A)  states,  it  was  essential  to  know  the  concentration  of 
NO  accurately  in  order  to  produce  repeatable  data.  Therefore,  after 
each  shot  the  cell  was  pumped  out  and  a  new  volume  of  gas,  (with  a 
measured  admixture  of  NO)  was  admitted  before  the  next  excitation 
pulse  occurred. 

For  a  reasonable  signal-to-noise  ratio,  our  method  oi  measuring 
the  long  time  decays  (r  >  1  asec)  forced  us  to  saturate  the  PMT  at 
early  (20  nsec)  periods  of  the  decay.  We  feel,  however,  that  the 
PMT  had  recovered  from  the  saturation  by  the  time  that  our  data 
analysis  began.  We  base  this  on  the  following  observations: 

(1)  As  we  increased  the  signal  by  factors  of  2,  the  intensity 
of  the  long  tail  increased  also  by  a  factor  of  2. 

(2)  No  discontinuity  and  no  change  of  slope  was  observed  as  we 
increased  the  total  signal  from  below  to  above  saturation. 
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(3)  When  the  PMT  was  operated  in  a  pulsed  mode,  i.e.  the  voltage 
to  the  first  dynode  was  pulsed  on  and  off,  the  same  obser¬ 
vation  held.  The  pulsed  mode  of  operation,  however,  proved 
to  be  impractical  because:  the  design  of  the  pulsed  mode 
circuitry  permitted  a  large  amount  of  ringing  in  the  tube 
both  at  turn  on  and  turn  off  of  the  voltage,  the  manner 
of  operation  cut  down  the  gain  by  a  factor  of  5  in  the  "on" 
position,  and  the  nonpulscd  system  provided  for  more  flexi¬ 
bility  in  our  measurements. 

Summary  of  Experimental  Results 

Our  experimental  data  consists  primarily  of  a  large  number  of 
time-resolved  intensity  histories  of  various  spectral  emission  fea¬ 
tures  as  a  function  of  pressure  and  gas  mixture  composition.  We  have 
concentrated  thus  far  on  measurements  of  the  1+  and  2+  bands  of  N 

2 

and  the  y  band  of  NO.  In  addition  to  the  time-resolved  results,  we 
have  taken  some  time-integrated  (photographic)  spectra. 

Figure  5  shows  some  typical  oscillograph  traces  of  1+  and  2+ 

intensity  histories  for  Ar  +  li  N  at  760  torr.  Note  that  the  1+ 

2 

radiation  starts  promptly  at  the  end  of  the  excitation  pulse,  while 

-{* 

the  2  intensity  shows  a  slower  buildup  time,  which  we  find  varies 

inversely  with  the  pressure.  Figure  6  shows  the  long-time  decay  of 
0 

the  3371  A  band  in  greater  detail.  It  was  assembled  from  four 
different  oscillographs,  taken  at  different  times  after  the  excita¬ 
tion  pulse,  but  otherwise  under  the  same  experimental  conditions. 

This  figure  gives  an  overall  picture  of  the  decay  characteristics 
for  the  second  positive  radiation  at  medium  pressure.  One  can  see 
that  a  simple  exponential  decay  does  not  fit  these  data  except  at 
long  times. 

Results  such  as  those  shown  in  Figures  5  and  6  are  analyzed  and 
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(a)  SECOND  POSITIVE  BAND,  r'  =  0  -  v"  -  0.  \  -  3371  A 


lb)  FIRST  POSITIVE  BAND,  r  0  •  i  "  =  0.  ,\  =  1  05  n 
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FIGURE  5  TIME  HISTORIES  OF  N?  TRIPLET  RADIATION 
FROM  AR  4  1%  N?  MIXTURE  FOLLOWING 
3  nsec  EXCITATION  PULSE 

760  tori,  time  scale  50  ns/cm) 
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interpreted  in  the  following  subsection.  To  set  the  stage  for  that 
discussion,  we  can  summarize  our  observations  qualitatively  as 
follows : 

(,l)  Bright  emissions  are  observed  in  the  C  -*  B  2+  and 

®  A  1+  systems.  Most  of  this  energy  is  contained  in  the 
first  two  or  three  vibrational  levels  of  the  upper  states, 
with  the  greatest  intensity  appearing  in  the  0-0  transitions. 
Vibrational  and  rotational  temperatures  both  appear  to  be 
low,  with  some  evidence  of  rotational  heating  as  a  function 
of  time  after  the  electron  beam  excitation.  The  first  and 
second  positive  systems  appear  to  have  "similar"  intensi¬ 
ties. 

(2)  The  2+  has  a  buildup  time  that  is  a  function  of  pressure 
followed  by  a  complex  pressure-dependent  decay.  The  1+ 
ladiation  starts  promptly  at  the  end  of  the  excitation  pulse 
and  has  a  complex  decay  behavior  closely  related  to  that  of 
the  second  positive  system.  We  believe  the  later  part  of 
this  complex  decay  can  be  explained  in  terms  of  known  molecu¬ 
lar  kinetics  and  that  the  derived  rate  constants  agree 
reasonably  well  with  accepted  values. 

(3)  Quantitative  values  for  the  A  state  population  as  a  function 
of  time  can  be  obtained  from  a  combination  of  second  posi¬ 
tive  radiation  kinetics  and  the  use  of  small  amounts  of  NO 
as  an  impurity.  The  NO  impurity  (which  reacts  with  the 
N2(A)  state)  gives  rise  to  the  Y  band  N0(A)-N0(X)  radiation. 

(4)  The  overall  behavior  of  the  pulse-excited  Ar  +  N^  mixture 
agrees  reasonably  well  with  the  modeling  (to  be  described  in 
a  later  subsection)  and  we  believe  that  the  overall  kinetics, 
energy  deposition,  and  energy  transfer  in  this  system  can  be 
understood. 
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Analysis 


In  the  excitation  o-f  tin.  1  '.wu-ceapor.cnt  gas  fixture  -el  hx-\\  ,  ■«<= 

2’ 


observed  a  large  energy  transfer  rate  from  the  argon  excimers  to  N  , 

2 


resulting  in  intense  emissions  of  the  1+  and  2+  systems  of  N  .  The 

2 


resulting  dt-esy  o f  basils  that  the  energy  transferred 


to  N2  does  not  merely  filter  to  the  lowest  levels  by  l’adiation  and 


quenching,  but  that  at  least  part  of  the  energy  is  recycled  within 
the  triplet  system  and  reappears  as  radiation  far  later  in  time 
would  have  been  expected. 

To  interpret  these  results  we  need  to  describe  a  plausible  scheme 
for  the  energy  deposition,  transfer,  and  decay.  This  scheme,  which 
will  be  discussed  in  greater  detail  in  the  modeling  section  that 
follows,  is  outlined  in  Figure  7. 

We  will  divide  our  analysis  into  two  temporal  parts;  early 
times  of  less  than  1  psec  after  the  excitation  pulse,  and  longei’ 
decay  times  of  1  to  20  asec.  Because  of  the  short  (45  nsec)  radiative 


lifetime  of  the  N  (C  II)  state,  the  2+  emissions  serve  as  a  convenient 

6  U 


monitor  of  the  decay  of  whatever  species  is  serving  as  the  energy 
reservoir.  The  decay  frequency  during  the  initial  part  of  the  afterglow 
as  a  function  of  total  pressure  is  shown  in  Figure  8.  The  power  law 
relation  between  the  2+  system  and  the  total  pressure  is  1.2  ±  0.1. 
Notice  that  the  initial  decay  is  unaffected  by  the  partial  pressure 


Ng*  and  that  the  same  behavior  is  observed  for  both  the  v  =  0 


and  v  1  vibrational  levels  of  N  (c).  A  similar  result  was  obtained 


for  the  1+  emission  as  displayed  in  Figure  9.  Two  features  are 
worth  noting.  Although  there  is  considerable  scatter,  the  decay  times 
for  the  two  systems  are  essentially  the  same  for  any  given  pressure, 
and  the  decay  rates  are  nearly  proportional  to  pressure,  A  best  fit 
through  these  data,  directly  proportional  to  the  pressure,  would  give 
a  rate  constant  for  the  quenching  of  the  excited  staLe.  This  rate 
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FIGURE  7  SCHEMATIC  DIAGRAM  OF  Ar/N./NO  ENERGY  FLOW 
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constant  is  M  x  10  cm  /sec,  which  is  between  those  for  quenching 

of  the  nitrogen  B  and  C  states  by  argon  (reactions  12  and  13,  Table  II ). 

We  do  not  understand  at  this  time  Why  the  observed  decay  constants  for 

the  C  and  B  states  should  be  so  similar.  In  particular  it  is  remarkable 

that  at  pressures  less  than  1000  torr  the  2+  radiation  should  decay 

with  a  lifetime  longer  than  its  own  radiative  lifetime.  A  plausible 

,  3_  +  . 

guess  might  be  that  the  metastable  N  (E  £  )  state  is  serving  as  a 

2  o 

reservoir  for  the  early  time  2+  and  1+  emissions. 

Figure  15  in  the  modeling  section  below  also  illustrates  the 

complexity  of  the  very  early  time  behavior.  Detailed  comparisons  of 

the  time  behavior  of  first  and  second  positive  radiation  as  well  as 

measurements  of  the  time  history  of  the  Ar*  ultraviolet  continuum  will 

allow  us  to  get  a  better  understanding  of  the  important  kinetics  for 

this  part  of  the  reaction  period. 

At  later  times  after  the  excitation  pulse  the  2+  decay  rate  is 

two  orders  of  magnitude  slower  than  its  radiative  decay  rate 

(reaction  16).  The  upper  radiating  level,  the  C  state,  is  therefore 

being  generated  by  yet  another  source.  The  most  plausible  candidate 

is  the  collision  of  two  N  (A)  exciners  (reaction  14).  Since  the 

2 

radiative  decay  rate  is  short  compared  with  the  production  rate,  the 

2 

density  of  C  should  then  be  proportional  to  [n  (A)]  and  should  have 

2 

an  apparent  decay  rate  equal  to  twice  that  of  the  N  (A)  state.  To 

2 

verify  this  and  to  get  a  measure  of  the  A  state  population  itself,  we 

added  trace  amounts  of  NO  and  studied  y-band  radiation,  N0(A  -*  X),  as 

an  indicator  of  the  N  (A)  population  (reaction  18). 

2 

Figure  10  shows  a  typical  plot  of  the  observed  V-band  intensity 
versus  time.  We  found  that  the  introduction  of  NO,  even  at  the  0.001$> 
level,  caused  both  the  2+  and  the  V-band  emissions  to  become  exponential 
in  the  very  late  decay  periods.  The  observed  final  decay  frequency 
of  the  NO  V  bands  varied  as  a  function  of  both  total  pressure  and 
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FIGURE  10  TIME  DECAY  OF  THE  NO  7-BAND  EMISSION  FOR 

A  MIXTURE  OF  0.001%  NO  AND  1,05%  N,  IN  ARGON 


partial  pressure  of  NO  (Figure  ll)  while  the  rate  coefficient  computed 

—11  3 

from  NO  decay  ( 10  ±  3  x  10  cm  /sec)  was  found  to  be  within  statistical 
error  the  value  accepted  for  reaction  18,  indicating  that  NO  quenching 
had  become  the  dominant  loss  term  affecting  the  N^(A)  population. 

Figure  6  above  shows  the  intensity  decay  of  the  2+  signal  at 

later  times.  It  becomes  exponential  quite  far  into  the  decay  (~-9  gsec), 

reflecting  once  again  that  the  N^(A)  decay  is  finally  being  controlled 

by  NO  quenching.  The  slope  obtained  from  the  exponential  part  of  the 

decay  is  twice  as  large  as  the  one  expected  for  NO  quenching  of  N^(A). 

Since  N  (C)  is  produced  by  a  reaction  quadratic  in  N  (A)  (reaction  14), 

a  linear  loss  rate  of  N^(A)  will  appear  to  be  twice  as  large  in  the 

N  (c)  decay.  Our  measured  rate  coefficient  from  the  N  (C)  decay 
2  ^  2 

(9  ±  2  x  10  cm  /sec)  agrees  with  that  found  above 

The  early  nonexponential  part  of  the  2+  decay  in  Figure  6  and  the 

NO  y-band  decay  in  Figure  10  indicate  that  both  quadratic  and  linear 

loss  mechanisms  arc  contributing  in  this  time  period.  We  expect  the 
3  + 

N„(A  ^  )  population  to  obey  a  differential  equation  of  the  same  form 
^  u 

as  the  one  for  the  mercury  excimer  discussed  in  our  previous  semi- 
3 

annual  report.  Specifically,  for  longer  times 

a'«  -K  A  -  k  a2 
q  P 

The  quenching  constant  K  is  due  mostly  to  quenching  by  NO  (i.e. 

reaction  18  as  illustrated  above),  and  K  is  the  cxcimer-excimer 

P 

annihilation  constant  (reaction  15). 

Tn  our  earlier  work  we  found  both  the  formal  solution  to  this 
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FIGURE  11 


FINAL  DECAY  FREQUENCY  OF  THE  NO  7-BAND  EMISSION 
VERSUS  TOTAL  PRESSURE  FOR  VARIOUS  CONCENTRATIONS 
OF  NO  IN  A  1%  Nj/Ar  MIXTURE 


decay  equation  and  its  various  asymptotic  limits.  For  all  times  the 
formal  solution  is 


exp(-K  t) 

q 


r  /  K  ,  .  K 

+  ±\  _  _P 

l  K  A  )  K 

L'  q  O  /  n 


exp(-K  t) 

q 


-l 


where  is  the  population  of  N  (A)  at  time  zero.  At  early  times 
this  has  the  asymptotic  form. 


1  +  KpA0t 


and  at  late  times 


A  ~  exp (-Kqt ) 


\Kq  A„  /  • 


The  exponential  behavior  at  long  times  has  already  been  discussed. 

At  shorter  times,  as  noted  in  our  previous  report,  a  plot  of  l/A  vs  t 

should  give  a  straight  lino  for  a  considerable  range  of  t.  We  have 

already  indicated  that  we  expect  the  Nr (C)  population  to  be  proportional 

to  the  square  of  N^(A).  Hence  a  plot  of  [c]  2  versus  t  should  give 

a  straight  line.  Such  a  plot  is  shown  in  Figure  12.  The  linear 

relationship  that  appears  between  300  nsec  and  9  asec  implies  that 

the  A  state  decay  is  indeed  being  controlled  by  the  energy-pooling 

reaction  15,  and  that  reaction  Id  is  the  source  of  the  N  (C) 

2 

population. 


For  longer  times  we  rewrite  the  decay  equation  in  the  form 


-  =  -K  -  K  A. 

a  q  p 


We  see  that  a  direct  relationship  ought  to  exist  between  the 

logarithmic  derivative  and  the  A  state  population.  Figure  13 

shows  that  this  is  indeed  the  case  for  both  the  NO  V  bands  and  the 

N  2+  bands.  Again,  the  decay  rate  of  N  A'  at  some  point  in  the 
2  ^ 

decay  is  equal  to  the  logarithmic  derivative  of  the  y-band  intensity 
and  also  to  the  logarithmic  derivative  of  the  square  root  of  the 
second  positive  intensity.  The  value  of  the  intercept  is  iust  Kq. 
or  in  our  case  just  the  linear  ra;e  of  quenching  of  NO  (reaction  18  . 
By  subtracting  the  intercept  value  from  the  total  value  of  the 
logarithmic  derivative  at  a  given  intensity,  one  obtains  the  product 
of  the  A  state  population  and  the  energy  pooling  rate  coefficient. 

We  can  then  use  Zipf's  value  for  K  reaction  15)  and  determine  the 

p 

N  (A)  population.  Since  each  intensity  along  che  abscissa  has  a 

time  associated  with  it,  wo  can  plot  the  n  i  A)  population  computed  as 

a  function  of  time  after  the  excitation  pulse  (Figure  14).  The 

densities  so  determined  have  the  same  time  behavior  and  are  within 

an  order  of  magnitude  of  those  derived  from  our  model  (see  below). 

To  recapitulate  we  may  note  that  a  substantial  portion  of  the 

excitation  appears  in  the  N  triplet  system.  It  filters  down  to 
3  + 

the  N^(A  £u)  state,  which  becomes  the  principal  energy  storage 
reservoir  at  later  times.  The  N  ,A)  population  dec'-.ys  by: 

2  r 

(l)  Excimcr-cxcimer  annihilation,  producing 

N  (C)  —  N  (b)  (second  positive)  and 
2  2 

N  (B)  -*  N  (A)  (first  positive^  emissions 
2  2 


(2)  Quenching  by  NO,  which  results  in  NO 
Y-band  emissions. 
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In  particular,  analysis  of  these  emissions  gives  an  estimate  of 
the  N^(A  population  (to  be  compared  with  model  calculations 

discussed  b<  1ow),  and  can  be  used  to  design  laser  systems  to  release 
stored  energy. 

Modeling  Studies 

We  have  demonstrated  in  our  studies  of  the  rare  gases  and  of 

mercury  that  understanding  and  interpreting  experimental  results 

is  greatly  enhanced  by  concurrent  numerical  modeling  of  the  kinetics 

of  the  reaction  system.  Modeling  will  be  even  more  important  in 

the  mixed-gas  studies  because  of  the  greater  number  of  reactions 

taking  place.  We  have  therefore  modified  the  computer  program  that 

18 

was  used  for  the  rare  gases  and  mercury,  with  specific  application 
initially  to  the  argon-N  system. 

The  earliest  model  of  the  pure  gas  system  (e.g. ,  argon)  con¬ 
sidered  the  atomic  and  molecular  ions  (Ar+  and  Ar+),  electrons  (e), 

2 

and  the  metastable  atoms  and  molecules  (Ar*  and  Ar  *),  as  well  as 

2 

the  ground  state  Ar  atoms,  in  a  seven-reaction  system  (reactions  1-7 
of  Table  II ).  Subsequent  pure-gas  models  have  considered  inter¬ 
mediate-level  excited  atoms  and  molecules,  (Ar**  and  Ar**)  with  their 

2 

attendant  reactions,  but  the  results  of  the  more  sophisticated  model 
have  not  yet  justified  its  additional  computer  costs  for  the  mixed-gas 
studies.  The  basis  for  choosing  (and  limiting  ourselves  to)  these 

seven  reactions  for  the  pure  rare  gases  was  described  in  detail  in 

,  •  18 

an  earlier  report.  That  report  also  described  the  determination 
of  the  rates  given  in  Table  II.  They  are  either  known  from  measure¬ 
ments  or  can  be  reasonably  well  estimated. 

In  modifying  the  reaction  model  for  gas  mixtures,  the  situation 
is  not  so  straightforward.  The  current  form  of  the  model  for 
Ar  +  reported  here  considers  the  triplet  (C,  B,  and  A)  excited 
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states  of  N2  as  well  as  the  N  (x)  ground  state.  These  excited 
states  were  chosen  because  their  energies  are  nearly  resonant  with 
those  of  the  Ar*  and  Ar*  metastable  levels,  and  because  they  can 
be  more  I’eadily  observed  spectroscopically  than  the  many  other  low- 
lying  states  in  N^.  Indeed,  they  were  observed  to  be  strong  emitters, 
as  described  above  in  the  experimental  section.  In  addition,  because 
of  the  inevitable  or  intentional  presence  of  NO  (see  the  experimental 
section),  we  include  the  A  and  X  states  of  NO.  Since  the  A  states 
of  and  NO  are  almost  exactly  resonant,  the  energy  transfer 
between  them  is  very  rapid,  and  the  y-band  radiation  (A-X)  of  NO 
provides  a  convenient  tracer  for  the  N^A)  state  population. 

The  reactions  in  this  mixed-gas  model  include  the  nearly 
resonant  energy  transfer  processes  between  Ar*  and  the  C  and  B 
states  of  N^,  between  Ar^  and  N^B),  and  between  N^(  A)  and  NO(A); 
quenching  of  N^C),  N^B),  and  NO(A) ;  and  radiation  from  these 
same  three  states.  Wo  also  consider  the  bimolocular  reaction  14 

N2(A)  +  n2(a)  -  N,(c)  +  N  (X) 

which  plays  an  important  role  in  populating  the  N  (c)  state  at  long 
times  after  the  electron  pulse.  All  those  reactions  are  listed  in 
Table  II,  together  with  the  rates  we  are  currently  using  in  our 
modeling  studies.  Most  of  these  rates  have  been  measured;  only  in 
the  case  of  energy  transfer  from  Ar)  to  N  and  of  the  quenching  of 
N  (C)  by  Ar  must  we  estimate  thorn. 

Although  the  Ar-N^  system  is  the  most  studied  of  all  mixed-gas 
systems,  there  are  some  important  unanswered  questions.  For  example, 
the  known  rate  of  energy  transfer  from  metastable  Ar*  specifically 
into  the  N^B)  and  N^C)  states  (reactions  8  and  9  of  Table  II)  is 
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substantially  less  than  the  fetal  loss  rate  of  Ar*,  which  we  have 
denoted  as  transfer  into  unspecified  Ng*  states  with  the  rate  given 
for  reaction  10,  Likewise,  the  total  rate  for  loss  of  N  (a)  state  in 
collisions  with  itself  is  substantially  larger  than  the  known  pro¬ 
duction  specifically  into  N^c)  state,  as  given  by  reactions  14  and 
15.  The  lather  large  amounts  of  "unaccounted"  energy  may  produce 
N2*  states  that  have  not  been  observed  spectroscopically,  or  it  may 
lead  to  dissociation  of  ^  and  production  of  N  atoms.  It  may  be 
important  to  the  interpretation  of  our  experimental  results  to  deduce 
the  paths  of  energy  transfer  in  more  detail,  and  it  is  likely,  in 
particular,  that  N  atoms  will  be  included  in  the  model  in  the  near 
future.  The  rates  for  the  Ng(A)  energy-pooling  reactions  14  and  15 
are  crucial  parameters,  and  we  will  try  to  verify  them  experimentally. 

The  computer  program  modifications  required  to  include  the 
additional  species  and  reactions  of  a  mixed  gas  system  have  been 
carried  out.  Some  typical  results  for  the  case  of  1$  ^  and 
0.002^  NO  in  Ar  at  4  atmospheres  total  pressure  are  presented  in 
Figure  15.  The  early  times  results  show,  primarily,  the  rapid 
conversion  of  Ar  excitation  to  the  N^A)  state,  which  then  serves 
as  an  energy  reservoir.  The  primary  N^A)  population  loss  mechanism 
on  a  microsecond  time  scale  is  the  N^A)  +  ^(A)  reaction  15.  At 
the  NO  concentration  specified,  the  interspecies  transfer  constitutes 
loss  of  N2(A)  state,  and  the  N0(a)  population  is  seen  to 
follow  the  N2(A)  population,  as  suggested  above.  After  200  nsec, 
the  only  sources  of  N^c)  and  N^B^  states  are  from  the  N,(A)-N  (A) 
collisions.  Since  the  former  populations  are  proportional  to  2 
N2(A)  ,  the  final  decay  rates  of  N^C'  and  N^B)  are  twice  that  of 
as  seen  also  from  Figure  15b. 

Time  has  not  yet  permitted  detailed  comparison  of  the  results 
predicted  by  the  model  with  those  obtained  experimentally.  Such 
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FIGURE  15  NUMBER  DENSITIES  OF  VARIOUS  SPECIES  IN  A  FEBETRON- 
EXCITED  NO-N2-Ar  MIXTURE  VERSUS  TIME  AS  DERIVED 
FROM  MODEL  CALCULATION 


comparison  will  lead  to  modifications  of  the  model  and  ultimately 


to  a  better  understanding  of  thi, 


and  other  mixed  gas  systems 


IV  CONCLUSIONS 


1 

t 


& 
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Mercury  Studies 

The  principal  conclusions  of  our  studies  of  excitation  of  high 
pressure  mercury  are: 

( 1)  Both  the  3350  and  the  4800  A  continuum  bands  of 
Hg*  exhibit  a  radiative  decay  time  of  14  ±  3  ixsec, 
independent  of  pressure. 

(2)  The  absorption  cross  section  of  Hg*  is  larger  than  its 
stimulated  emission  cross  section,  resulting  in  a  net 
absorption  over  the  wavelength  range  from  3900  to  5145  A. 

(3)  We  believe  that  the  above  result  precludes  the  possi¬ 
bility  of  direct  laser  action  in  Hg  ,  and  we  have 

2 

therefore  stopped  our  studies  of  pure  Hg  . 

2 

(4)  High-pressure  mercury  remains  an  attractive  candidate 
for  energy  storage  and  may  serve  as  a  host  for  mixed 
gas  systems. 

(5)  We  have  presented  in  this  report  an  outline  of  a  new 

analysis  of  the  state  structure  of  Hg  that  may  lead 

2 

to  explanations  for  observed  radiative  behavior. 

Mixed  Gas  Studies 

Our  studies  of  mixed  gas  systems  have  begun  recently,  and 

we  have  examined  only  the  Ar  +  N  +  NO  system  in  any  detail. 

2 
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Our  findings  to  date  are: 

( 1)  A  substantial  portion  of  the  Ar  excitation  energy  is 
transferred  to  the  N  triplet  states. 

(2)  After  approximately  100  nsec,  most  energy  resides  in 

the  N2(A)  state.  The  decay  of  this  state  is  governed 

by  energy  pooling  reactions  that  lead  to  excitation 

of  N^fc)  anci  states  and  by  transfer  to  NO.  The 

N„(A)  population  history  can  be  determined  from  N  2+ 
*  2 

and  1+  radiation  as  well  as  from  NO  Y-band  radiation. 

(3)  The  population  histories  ol  the  N  and  NO  excited 

2 

states  appear  to  be  in  reasonable  agreement  with  pre¬ 
dictions  made  using  our  mixed  gas  kinetics  computer 
program.  Some  discrepancies  in  early  time  behavior 
remain  to  be  resolved. 

(4)  There  is  a  good  possibility  that  lasing  can  be 

achieved  in  the  NO  Y  bands  in  NO-N  -Ar  mixtures. 

2 

We  are  investigating  this  possibility  by  means  of 

modeling  studies  and  experiments.  In  this  system, 

the  N0( A)  state  is  excited  by  transfer  from  the  N  (A) 

2 

state,  which  appears  to  have  excellent  energy  storage 
properties. 
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COLLIS IONAL  QUENCHING  AND  RADIATIVE  DECAY 
OF  THE  MERCURY  EXCIMER  * 

D.  J.  Fckstrom,  R.  M.  Hill,  D.  C.  Lo rents,  and  H.  H.  Nakano 

Stanford  Research  Institute 
Menlo  Park,  California  94025 


We  have  measured  the  molecular  continuum  radiation  from 
*  0 

Hr^  in  the  4000-5000  '  range;  the  excitation  was  produced 
bv  a  high  energy,  short  pulse  electron  beam.  When  the  excimer 
concentration  is  large,  the  dominant  loss  process  is  a  bi- 
excimer  collisional  deactivation.  At  lower  concentrations 
the  decay  becomes  exponential  and  a  radiative  lifetime  o<" 
the  continuum  radiation  of  14  t  3  asec  is  measured. 


Continuum  radiation  from  molecular  mercury  has  been  the  subject 

1-8 

of  investigation  for  more  than  10  years,  but  neither  the  spectroscopic 
assignments  nor  the  radiative  properties  have  been  well  established. 

o 

Qualitatively,  there  are  bands  centered  at  3350  and  4800  A,  which 

2  * 
Mrozowski  and  others  have  identified  with  transitions  from  the  Hg^ 

(excimer)  1  and  0  states  to  the  repulsive  1T  ground  state.  There 
u  u  K 

is  also  a  band  in  the  5100-5700  A  range  that  may  be  distinct  from  the 

g 

4800  A  band.  in  spite  of  interpretive  uncertainties,  the  possibility 

of  producing  "dissociation’’  laser  action  in  the  4800  A  band  has  been 

9  10 

considered  for  some  time,  with  Carbone  ard  Litvak  reporting  a 
attempt  to  accomplish  this  in  1968. 


*  This  research  was  supported  by  the  Advanced  Research  Projects  Agency 
of  the  Department  of  Defense  and  was  monitored  by  0NR  under 
Contract  No.  N00014-72-C-0478. 
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To  determine  some  of  the  collisional  and  radiative  properties  of 
molecular  mercury  pertinent  to  analysis  of  its  laser  capabilities,  we 
are  studying  the  atomic  and  molecular  radiation  resulting  from  excita- 

1 

tion  of  high-pressure  Hg  by  an  electron-beam  pulse  from  a  Febetron  706. 
This  device  produces  a  2  cm  diameter,  3  nsec  pulse  of  500  kV  electrons 
at  an  average  current  of  approximately  7000  A.  High-pressure  mercury 
is  produced  in  a  heated  stainless  steel  reservoir  and  cell  fitted  with 
brazed  sapphire  optical  windows  and  an  electron-beam  window  consisting 
of  a  stainless  steel  foil  and  a  backup  plate.  Vapor  pressures,  measured 
directly  with  a  mercury-filled  bourdon  gage  connected  by  a  capillary  to 
the  liquid  mercury  reservoir,  are  varied  from  100  to  7600  torr.  Temper¬ 
atures  of  the  cell  and  reservoir  are  monitored  with  thermocouples;  the 
vapor  pressures  deduced  from  the  reservoir  temperatures  agree  with  that 
measured  directly  within  about  5%. 

The  measurements  reported  here  consist  of  time-integrated  photo¬ 
graphic  emission  spectra  and  time-resolved  emission  spectra  of  selected 
molecular  radiation.  Microdensitometer  traces  of  photographic  spectra 
covering  the  4000  to  5000  A  range  at  several  pressures  are  presented  in 
Figure  1.  These  traces  show  the  blue  molecular  continuum  band  with 
superimposed  atomic  lines  at  4047,  4078,  and  4358  A.  The  atomic  radia¬ 
tion  decreases  in  magnitude  relative  to  the  continuum  with  increasing 

pressure.  This  can  be  attributed  to  the  collisional  quenching  of  the 

■H-H- 

states  responsible  for  atomic  radiation  (Hg  )  by  the  process 
*•*  * 

Hg  +  Hg  -  Hg  +  Hg,  (l) 

followed  by  excimer  formation  and  radiation, 

Hg*  +  2Hg  -  Hg2 *  +  Hg  (2) 

and 

■if 

Hg2  -  2Hg  +  hi;.  (3) 
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Processes  (1)  and  (2)  both  become  more  rapid  with  increasing 

pressure.  We  have  also  found  qualitatively  that  the  intensities  of  the 

3500  and  5400  A  bands  decrease  relative  to  that  of  the  4800  A  band  as 

4  6  7 

pressure  is  increased,  consistent  with  earlier  experiments.  ;  ’ 

As  seen  in  Figure  1,  the  blue  continuum  band  was  found  to  have 

a  broad  peak  at  4570  A.  At  low  pressures,  this  band  peak  has  been 

4  5 

found  to  occur  at  4850  A.  ’  This  wavelength  difference  may  result 
from  a  more  complete  vibrational  relaxation  of  the  excimers  at  the 
higher  pressures  of  the  present  experiments. 

A  typical  time-resolved  intensity  history  of  molecular  radiation 
at  4570  A  is  presented  in  Figure  2.  We  believe  that  the  marked  nonex¬ 
ponential  behavior  of  this  intensity  history  is  due  to  the  bi-oxcimer 

•* 

collisional  deactivation  of  llg2  : 

*  *  k  'ft* 

Hg2  +  Hg2  -  llg2  +  2Hg.  (4) 

The  rate  equation,  including  this  process  and  also  spontaneous  emission, 


^  =  -k(N ) 2  -  AN,  (5) 

* 

where  N  is  the  concentration  of  Hg2  and  A  is  the  spontaneous  emission 
coefficient.  This  equation  has  the  solution 


N  /kN  \  kN 

°  J  °  ,  At  o 

N  \  A  +  76  "a 


=  1  +  (kN0  +  A)  t  +  (kN0  +  A) ( At 2  /2  ) .  (6b) 

The  approximate  form  of  the  solution  indicates  that  a  graph  of  l/N,  or 
equivalently,  of  l/intensity  (since  I  =  const  *  N),  versus  time  will 
consist  of  linear  and  quadratic  components  that  are  associated  predom¬ 
inantly  with  the  bi-excimer  collisional  deactivation  and  with  the  spon¬ 
taneous  radiative  decay,  respectively.  The  data  of  Figure  2  are 


inr&  i  j  ifcV/  i 


presented  in  Figure  3  in  the  form  l/l  versus  t,  where  the  linear 
component,  dominant  at  early  times,  is  clearly  demonstrated. 

Least  squares  curve  fits  of  the  exact  equation  (6a)  to  several 
intensity  histories  of  the  type  presented  in  Figures  2  and  3  have 
allowed  us  to  determine  the  parameters  A  and  kNQ.  We  find  that  the 
radiative  lifetime  (l/A)  of  the  continuum  of  Hg2*  near  4570  A  is 
14  ±  3  LLsec  independent  of  pressure  over  the  range  from  0.1  to  10  atm. 

For  the  data  of  Figures  2  and  3,  we  also  find  that  kN0  -  10  /sec.  We 
have  not  yet  measured  N0  independently,  but  estimates  of  its  magnitude 
indicate  that  k  is  of  the  order  of  10-11  cm3/sec.  The  excellent  fit 
of  the  curve  representing  equation  (6a)  to  the  data  of  Figure  2  gives 
confidence  to  the  interpretation  and  to  the  parameters  derived  from 

the  data. 

In  addition  to  the  high  spectral  resolution  measurements  at  4570 
A,  we  have  made  time  decay  measurements  on  all  three  continuum  bands, 
using  filters  that  pass  3377  -  10,  4880  ±  30,  and  5145  ±  15  A.  These 
measurements  were  made  at  long  times  after  the  electron  pulse  (25  «  t 
£  75  usee)  where  the  bi-excimer  reaction  (4)  was  no  longer  important. 

The  photomultiplier  tube  was  gated  on  after  the  beginning  of  the  pulse 
to  eliminate  saturation  effects  and  allow  measurements  of  intensities 
several  orders  of  magnitude  below  the  peak  values.  These  measurements 
indicate  a  common  radiative  lifetime  of  approximately  14  dsec  for  the 
entire  continua  independent  of  pressure,  substantiating  earlier  observa- 

•  *  1’4 

tions  of  their  common  persistence. 

A  purely  exponential  decay  of  all  the  bands  with  the  same  pressure 
independent  time  constant  implies  that  the  upper  states  for  each  band 
either  are  the  same  or  are  in  collisional  equilibrium  throughout  the 
decay,  since  in  any  other  case  the  intensity  decay  would  show  pressure- 
dependent  changes  in  the  decay  constants  due  to  collisional  transfer 
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effects.  This  would  seem  to  rule  out  the  interpretation  assigning  the 

3500  and  4800  A  bands  to  31  and  30“  states  with  substantial  energy 

u  u 

differences,  because  in  that  case  substantial  collisional  relaxation 
of  the  upper  energy  level  would  be  expected. 
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FIGURE  CAPTIONS 


1.  Microdensitometer  Traces  of  Hg  Molecular  Continuum 
Spectra.  (Note  shift  of  zero  level  for  each  curve). 

2.  Time  History  of  Molecular  Radiation  at  4570  A. 

(Pressure  =  5270  torr. ) 

3.  Inverse  of  Intensity  Versus  Time  for  Molecular  Radiation 
at  4570  A. 
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MEASUREMENTS  OF  NEGATIVE  GAIN  FOR  Hg  CONTINUUM  RADIATION  * 
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ABSTRACT 

Gain  measurements  have  been  made  at  wavelength  intervals 

over  the  continuum  bands  of  high-pressure  mercury  excited 

by  a  short,  high  intensity  electron  beam  pulse.  These 

measurements,  which  utilized  both  continuum  and  laser 

light  sources,  showed  net  absorption  at  all  wavelengths 

tested.  This  indicates  that  Hg  *  has  a  larger  cross 

2 

section  for  absorption  than  for  stimulated  emission  to 
the  repulsive  ground  state,  and  virtually  eliminates  the 
chances  of  laser  action  on  these  transitions. 


*  This  research  was  supported  by  the  Advanced  Research  Projects  Agency 
of  the  Department  of  Defense  and  was  monitored  by  ONR  under  Contract 
No.  N00014-72-C-0478. 
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Molecular  mercury  has  been  recognized  for  some  time1,2  as  a 
possible  medium  for  "dissociation"  laser  action  similar  to  that 
currently  being  achieved  in  xenon  and  krypton3.  This  system  radiates 
a  broad  continuum  that  has  been  divided,  somewhat  arbitrarily,  into 
bands  centered  at  3500,  4800,  and  5400  A.4  The  radiation  is  generally 


attributed  to  transitions  from  the  stable  excimer  (Hg  *)  states  31 
3  —  1  4-  2  u 

and  0^  to  the  repulsive  ground  state.  The  excimer  states  are 

formed  from  the  association  of  a  metastable  Hg  (3p)  atom  with  a  ground 
1  ^ 

state  atom,  Hg(  8^) ,  and  stabilized  in  a  second  collision  with  a  ground 
state  atom.  The  repulsive  ground  state  should  ensure  a  population 
inversion  on  these  continuum  band  transitions  and  lead  to  the  prospect 
of  tunable  laser  action,  in  particular,  in  the  4000-5000  A  range. 

We  have  been  studying  the  kinetics  of  molecular  formation  and 
decay  when  Hg  vapor  at  high  pressures  is  excited  by  the  3  nsec,  500  keV, 
7000  A  electron  pulse  from  a  Febetron  7065  The  vapor  is  contained  in  a 
heated  stainless  steel  cell  and  reservoir  of  2.5  cm  i.d.  by  25  cm  length. 
Optical  radiation  is  observed  through  sapphire  windows,  which  are  brazed 
to  stainless  steel  flanges.  The  electron  beam  enters  the  cell  perpendi¬ 
cularly  to  the  optical  path  through  a  1  mil  Inconel  foil.  As  part  of 
this  study,  we  recently  reported  a  radiative  lifetime  of  14  ±  3  nsec  for 
the  continuum  bands  of  Hg2 ,  measured  at  3380,  4500,  and  5400  A.6  The 
fetime  was  independent  of  pressure  over  the  range  from  1  to  10  atm. 

In  this  note,  we  report  the  results  of  optical  transmission  measure¬ 
ments  made  between  3900  and  5145  A.  The  vapor  pressure  in  these  tests 
was  approximately  2  atm;  we  estimate  the  excited  gas  optical  path  length 
at  this  pressure  to  be  approximately  8  cm.  Because  of  the  bright  spon¬ 
taneous  emission  from  excited  mercury,  an  intense  source  of  probing 
adiation  is  required.  We  used  seven  lines  from  a  cw  Ar+  laser  (Table  I) 
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and  also  the  continuum  radiation  from  a  10  nsec,  10  watt  flashlamp 
(Optitron  Model  NU-1).  The  probing  radiation,  together  with  the 
spontaneous  radiation,  was  dispersed  by  a  monochromator  and  detected 
by  a  photomultiplier.  When  the  laser  source  was  used,  the  photo¬ 
multiplier  was  gated  on  1  (j,sec  before  the  electron  pulse  was  fired 
in  order  to  avoid  saturation  by  the  CW  laser.  When  the  continuum 
flash  source  was  used,  the  monochromator  slits  ."ere  set  for  maximum 
width  giving  a  16  A  resolution,  and  measurements  were  made  every  20  A 
to  give  80%  coverage.  The  flash  was  fired  approximately  30  nsec  after 

* 

the  electron  pulse,  which  was  near  the  time  for  peak  population  of  Hg 

2 

molecules . 

The  percent  transmission  was  determined  by  comparing  intensities 

for  the  flashlamp  radiating  through  unexcited  Hg  and  the  flashlamp 

2 

radiating  through  Hg  excited  by  the  electron  pulse.  The  contribution 

* 

of  the  spontaneous  emission  of  Hg  was  subtracted  out. 

2 

We  found  attenuation  of  the  optical  radiation  at  all  wavelengths 

studied,  when  the  mercury  pressure  was  above  one  atmosphere.  This  is 

most  clearly  demonstrated  in  Figure  la,  which  shows  the  attenuation 

of  the  cw  laser  radiation  at  4766  A  following  excitation  of  the  gas. 

Figure  lb  shows  the  spontaneous  emission  at  the  same  wavelength  from 
* 

the  Hg^  excimers  when  the  gas  is  excited  under  the  same  conditions 

but  no  probing  radiation  is  incident.  We  have  plotted  the  emission 

and  absorption  curves  normalized  at  one  time,  in  Figure  lc.  The 

congruence  of  the  time  behavior  shown  by  this  plot  allows  us  to 

* 

conclude  that  the  same  species,  Hg  ,  is  responsible  for  the  spontaneous 

Ct 

emission  and  the  attenuation  (negative  gain). 

The  wavelength  dependence  of  the  absorption,  determined  in  the 
flashlamp  tests,  is  shown  in  Figure  2.  Much  of  the  scatter  in  the 
flashlamp  data  is  due  to  pulse-to-pulse  variations  of  the  flash  lamp 
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intensity.  The  general  lack  of  structure,  except  near  the  atomic 
lines,  indicates  that  the  upper  level  of  the  absorptive  transition 


is  a  repulsive  upper  electronic  state  of  Hgf  ,  so  that  gain  is 

2 


unlikely  anywhere  in  the  continuum  bands.  A  radiative  lifetime  of 


14  M-sec  corresponds  to  a  stimulated  emission  cross  section  of  about 


-20  2 

x  cm  It  is  not  unreasonable  to  expect  an  absorptive 


process,  even  to  a  repulsive  state,  to  have  a  larger  cross  section. 
These  results  seem  to  rule  out  direct  laser  action  on  the  Hg  * 


continuum.  However,  because  of  the  relatively  long  radiative  life- 


0  ^ 

time  and  small  collisional  losses,  Ug^  is  still  an  attractive 


candidate  for  energy  storage.  It  may  be  possible  to  utilize  this 
energy  storage  property  through  an  energy  transfer  mechanism  to 
another  radiative  species.  However  the  structure  of  the  excited 


states  of  Hg^  remains  poorly  understood.  A  practical  use  of  Hg  * 

2 


as  an  energy  reservoir  will  require  a  better  knowledge  of  its 
properties. 
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TABLE  1 


Peak  Attenuation  of  Ar  Laser  Radiation  by  Hg  * 


Wavelength  (A)  1579  4727  4765  4880  4965  5017 

Absorption  (%)  10  23  25  15  6  7 
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FIGURE  CAPTIONS 


Time  dependence  of  attenuation  and  emission  at  4765  A  following 
excitation  of  Hg  at  40  psi. 

1  Attenuation  of  4765  Ar  line.  Intensity  increasing  downwards. 
The  slight  ringing  is  caused  by  gating  the  photomultiplier. 

When  no  excitation  pulse  occurs,  only  a  flat  trace  is  observed 
as  shown. 

h.  Spontaneous  emission  produced  by  excitation  pulse  from  Febetron 
706.  No  laser  light  is  present.  Zero  base  line  shown  for 
c  alibration . 

c.  Attenuation  and  spontaneous  emission  plotted  on  same  scale 
Solid  line  is  attenuation  measurement;  squares  are  the 
spontaneous  emission;  curves  are  normalized  at  3.5  u  sec. 
Percent  transmission  as  a  function  of  wavelength  measured 
30  nsec  after  excitation  pulse.  The  transmission  curves  in  the 
vicinity  of  the  atomic  lines  at  4047  and  4358  A  have  been  defined 
in  detail  by  measurements  not  shown  here. 


